Abstract. This investigation aimed to develop nimesulide (NMS)-loaded poly(lactic-co-glycolic acid) (PLGA)-based nanoparticulate formulations as a biodegradable polymeric drug carrier to treat rheumatoid arthritis. Polymeric nanoparticles (NPs) were prepared with two different nonionic surfactants, vitamin E d-α-tocopheryl polyethylene glycol 1000 succinate (vitamin E TPGS) and poly(vinyl alcohol) (PVA), using an ultrasonication solvent evaporation technique. Nine batches were formulated for each surfactant using a 3 2 factorial design for optimal concentration of the emulsifying agents, 0.03-0.09% for vitamin E TPGS and 2-4% for PVA. The surfactant percentage and the drug/polymer ratio (1:10, 1:15, 1:20) of the NMS-loaded NPs were investigated based on four responses: encapsulation efficiency, particle size, the polydispersity index, and the surface charge. The response surface plots and linearity curves indicated a relationship between the experiment's responses and a set of independent variables. The NPs produced with both surfactants exhibited a negative surface charge, and scanning electron micrographs revealed that all of the NPs were spherical in shape. A narrower size distribution and higher drug loadings were achieved in PVA-emulsified PLGA NPs than in the vitamin E TPGS emulsified. Decreasing amounts of both nonionic surfactants resulted in a reduction in the emulsion's viscosity, which led to a decrease in the particle size of NPs. According to the ANOVA results obtained in this present research, vitamin E TPGS exhibited the best correlation between the independent variables, namely drug/polymer ratio and the surfactant percentage, and the dependent variables (encapsulation efficiency R 2 =0.9603, particle size R 2 =0.9965, size distribution R 2 =0.9899, and surface charge R 2 =0.8969) compared with PVA.
INTRODUCTION
Arthritis refers to various medical conditions associated with joint disorders of the primary structures, such as the synovial membranes, bones, and cartilage. Among the different types of arthritis, such as osteoarthritis (OA), rheumatoid arthritis (RA), ankylosing spondylitis, septic arthritis, and juvenile idiopathic arthritis, OA and RA are the most common worldwide, affecting 40 million people in the USA in 1995, with expectations that this number will reach 59.4 million people by 2020 (1, 2) . OA is a disease of the cartilage characterized by progressive deterioration as the structure loses the natural ability to repair itself. It can be difficult to make a distinction between the histological structure of OA and RA (3) . In the cartilage, there is sclerosis of the bones, and overgrowth is secondary to this manifestation. Generally, degeneration of the joints is a common inflammatory arthritic disease among the elderly that continually progresses, leading to chronic pain and a reduced quality of life (4) . Its chronic nature poses significant challenges to the discovery and delivery of drugs that will retard the degeneration of joint tissues.
The administration of nonsteroidal anti-inflammatory drugs (NSAIDs), such as flurbiprofen, diclofenac, indomethacin, ibuprofen, dexibuprofen, aspirin, ketoprofen, piroxicam, and, in particular, nimesulide, mainly by the oral, parenteral, or topical routes, are the common treatments for arthritic diseases (1, 5) . There is a body of evidence to support NSAIDs as a more effective treatment for these diseases when compared to common, long-acting analgesics. However, because most NSAIDs used in the treatment of arthritis have short biological half-lives, repeat administration three to four times a day is required. These frequent dosages and the route of administration, whether oral or otherwise, are further impacted by numerous side effects, such as gastric irritation, dyspepsia, peptic ulceration, gastric bleeding, esophagitis, constipation, sodium and water retention, chronic renal failure, and intestinal nephritis (1, 3, 6, 7) . Because such inflammatory arthritic diseases are localized, intra-articular delivery may be a suitable alternative by compartmentally targeting drugs into arthritic joints, and are widely used by patients suffering inflammatory arthritic diseases (6) (7) (8) (9) (10) . The most important advantage of intra-articular treatment of arthritis is targeting the drug to the specific inflammatory site and minimizing its systemic toxic effects (2) . However, current preparations of intraarticular drug therapies often require frequent injections that rapidly degrade and clear injected pharmacologic agents, impacting on finances and the patient's quality of life, as well as increasing the risk of complications. In addition to these effects, after delivering the drugs via this intra-articular method, the agents can also leave the articular cavity shortly after administration. Hence, to ensure sustained release of antiinflammatory drugs, different drug delivery systems have been developed (2, 11) . Nano-and/or microparticulate drug delivery is one of the most widely used strategies developed for this approach (5, 10, (12) (13) (14) . The novel nanoparticulate drug delivery technology reduces the dosing requirements and eliminates gastrointestinal irritation, thus ultimately improving the patient's compliance in the treatment of arthritis. The goal of the nanoparticulate system is to promptly deliver a therapeutic amount of the drug to the target site and maintain the desired concentration to deliver the drug at a rate determined by the body's needs over an entire period of treatment (7, 15, 16) . These systems could also reduce the clearance of the drug and improve and prolong its retention within the joint cavity (2, 17) . With the aim of intra-articular administration of nanoparticles (NPs), polymeric materials, such as gelatin, chitosan, poly(lactic-co-glycolic acid) (PLGA), and poly(lactic acid) (PLA), have gained widespread attention due to their biodegradability and biocompatibility (4) . One of the most successful is PLGA because of its hydrolysis, which leads to metabolite monomers, lactic acid, and glycolic acid. Another important advantage of biocompatible nanosized particles over nonbiocompatible particles in intra-articular administration is not inducing the undesired "crystal-induced pain" effect. PLGA nanocarriers may be adapted for the development of arthritic lesion delivery systems for anti-inflammatory drugs due to their biodegradability, biocompatibility, and nanosize (11, 18) . After administering PLGA micro-and nanoparticles directly into the joint cavity for an intra-articular delivery system on the phagocytosis of rat synovium, Horisawa et al. (8) investigated the size dependency and showed that PLGA NPs, with an average diameter of 265 nm, would be more suitable for delivery to inflamed synovial tissue than microspheres, with an average diameter of 26.5 μm, due to their penetrability. Their study showed that PLGA NPs directly injected into the joint cavity were selectively phagocytosed by macrophages and disseminated into underlying tissue, whereas the PLGA microparticles remained in the synovium (8).
4-Nitro-2-phenoxymethanesulfonanilide, nimesulide (NMS), is a second-generation NSAI agent widely used in the long-term treatment of rheumatoid arthritis to alleviate pain and inflammation. Nonsteroidal anti-inflammatory drugs (NSAIDs) are generally effective by inhibiting cyclooxgenase (COX)-2, the main isozyme associated with inflammation. However, the simultaneous inhibition of COX-1 disrupts gastric and renal functioning. Compared to drugs of the same class, NMS is 5 to 16 times more selective for the inhibition of COX-2 and has been employed to treat major pain (19) . Several studies have been conducted in recent years on the preparation and investigation of PLA microspheres (20) for parenteral administration and the oral delivery of NMS by ethylcellulose and methylcellulose micro-and nanoparticles (21) . However, no research was found investigating the design and the characterization of NMS-loaded biodegradable polymeric NPs as possible treatment for inflammatory arthritic diseases. Therefore, for this study, using an emulsion solvent evaporation technique, NMSloaded PLGA-based biodegradable NPs were prepared. Two different nonionic surfactant emulsifiers were selected as stabilizers in the formulations: poly(vinyl alcohol) (PVA), the most commonly used to stabilize emulsions caused by the formation of relatively small-sized particles with uniform size distribution and which has excellent stabilizing properties on the NP emulsion (22) , and vitamin E d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS), which is a new water-soluble derivative of natural vitamin E and is formed by esterification of vitamin E succinate with PEG 1000. Used as an absorption enhancer, emulsifier, and solubilizer in pharmaceutical formulations, its biocompatibility, amphiphilicity, and low molecular weight makes vitamin E TPGS potentially suitable as an emulsifier for the encapsulation of both hydrophilic and hydrophobic drugs into nanosized particles (23, 24) . The focus of this study is to optimize and investigate the drug/polymer ratio, emulsifier type, and percentages used in the NP formulations on the physicochemical properties of the NMS-loaded PLGA NPs by using a 3 2 factorial design. Factorial experimental designs allow for the rapid and efficient screening of design variables with a limited number of planned experiments (25, 26) . The design of the experiments and the response surface methodology (RSM) approaches were implemented for optimal processing. The independent variables were the drug/polymer ratio (X1) and the emulsifier percentages (X2-X3). The dependent (response) variables investigated to characterize the particles were the encapsulation efficiency percentage (Q1-Y1), particle size (Q2-Y2), polydispersity index (Q3-Y3), and surface charge (Q4-Y4) of the PLGA NPs. This research also employed differential scanning calorimetry (DSC), field emission scanning electron microscopy (FESEM), and gas chromatography (GC) analysis.
MATERIALS AND METHODS

Materials
The materials used were NMS (Ulkar Chem. Co., Istanbul, Turkey), PLGA with a copolymer ratio of D,L-lactide to glycolide of 50:50 (MW 40-75 kDa), PVA (MW 30-70 kDa) (Sigma-Aldrich Chem. Co., Munich, Germany), vitamin E TPGS (Eastman Chem. Co., USA), dichloromethane (DCM) (Merck Chem. Co., Darmstadt, Germany), and purified water (Milli-Q, Millipore Corp., MA, USA). All other chemicals used were at least of reagent grade.
Preparation of NMS-Loaded PLGA NPs
Emulsification by a sonication-solvent evaporation method was used to prepare the PLGA NP formulations (24) , by dissolving various amounts of polymer and drug in 4 mL of DCM. For the aqueous phase, PVA or vitamin E TPGS was dissolved in 60 mL Milli-Q water. The organic phase was emulsified into the aqueous phase for 5 min by probe sonication (Bandelin Sonopuls HD 2070, Bandelin Elec., Germany) at 80% output energy and pulse duty of 0.7 s per cycle. After emulsification, the resulting dispersion was magnetically stirred overnight to evaporate the organic phase. By centrifuge, the NPs formed were recovered at 20,000 rpm for 15 min (Sorvall Superspeed Centrifuge SS-3, DJB Labcare Limited, Buckinghamshire, England) and washed with Milli-Q water to remove excess surfactant, and the suspension was lyophilized (Christ Gamma 2-16 LSC, Martin Christ Gef., Germany) for 60 h until a dry powder was obtained.
Characterizations of the PLGA NPs
To determine the encapsulation efficiency of the lyophilized NPs, a set amount of the lyophilized NMS-loaded PLGA NPs was dissolved in DCM using the direct method (22, 24) and ultrasonicated for 10 min with 40% output energy and pulse duty of 0.7 s per cycle (Bandelin Sonopuls HD 2070, Bandelin Electronics, Germany). UV-visible spectrophotometry determined the entrapped NMS concentration (Shimadzu UV-1240, Japan) at a wavelength of 297 nm (n=3). The analytical method used for the assay of NMS was validated with respect to precision (repeatability, reproducibility), accuracy, specificity, linearity, and range (Table I) .
A particle size analyzer was used to determine the particle size and polydispersity index (PDI) (Nano ZS, Malvern Inst., Malvern, Worcestershire, UK), based on the principle of dynamic light scattering. Following a 1/10 (v/v) dilution of the NPs in Milli-Q water, five size measurements were performed.
The zeta potential of NMS-loaded PLGA NPs was measured using laser Doppler anemometry (LDA) (Nano ZS, Malvern Inst., Malvern, Worcestershire, UK). Prior to the zeta potential measurements, the NPs were diluted with Milli-Q water at a ratio of 1/15 (v/v) and sonicated in an ultrasonic bath. For each NP formulation, five measurements were made and the averages of these replicates were calculated.
The shape of the NMS-loaded PLGA NPs was observed by use of an FEI Nova Nano SEM 430 FESEM (FEI, Eindhoven, Netherlands) at 10 kV. A specific amount of lyophilized NPs was fixed to double-sided carbon tape and placed on a metallic surface coated with a gold layer for 40 s.
One concern of pharmaceutical applications is the residual solvent contained in the developed formulations of NPs prepared by the emulsification procedure using organic solvents that must fulfill the requirements of the USP XXIII for volatile impurities (27, 28) . Using GC analysis, the presence of DCM remaining in PLGA NPs was determined. Chromatographic analysis by GC was carried out on an Agilent 6,890N Network GC System with flame-ionization detector (FID) (Agilent Technologies, Inc., Santa Clara, USA). The capillary column used was Supelco SP-2380 (60.0 m×0.25 mm×0.25 μm). DCM was extracted from PLGA NPs by using an n-Hexan, via partitioning without dissolving the polymer. A certain amount of PLGA NPs was treated with n-Hexan in a vial for a couple of hours with vortexing. After that procedure, the NPs were separated by centrifuge, and a supernatant was injected into a column of a gas chromatography device. Pure n-Hexan and DCM were also injected into the column to obtain the peaks.
The DSC study was performed to characterize the physical state of NMS in PLGA NPs. Thermograms were obtained using a DSC (DSC 60 with a software of TA/60 WS, Shimadzu, Japan). About 5 mg of the NP sample was weighted, crimped into an aluminum pan, and analyzed at a scanning temperature ranging from 25 to 300°C at a heating rate of 5°C/min. Baseline optimization was performed before each run.
Vitamin E TPGS and PVA-emulsified NMS-loaded PLGA NPs were also evaluated for the storage stability. For this purpose, lyophilized NPs were stored at 4°C during the third month period, and samples were investigated in terms of the encapsulation efficiency, mean particle size, PDI, and surface charge. Three replications per formulation were performed for all experiments. The results were statistically compared with each other using one-way analysis of variance (ANOVA).
Optimization by 3 2 Full Factorial Design with Center Point
PVA and vitamin E TPGS were evaluated as surfactants in the production of NMS-loaded PLGA NPs using a twolevel full factorial design with a center point. Nine nanoparticulate formulations were prepared per the 3 2 factorial design to determine the effect of two independent variables, drug/polymer ratio (X1) and surfactant percentage (X2 coded for PVA and X3 coded for vitamin E TPGS), on the four responses: encapsulation efficiency percentage (Q1-Y1), mean particle size (Q2-Y2), polydispersity index (Q3-Y3), and surface charge (Q4-Y4) of the NMS-loaded PLGA NPs. Three replications per formulation were performed in order to assess the process and system reproducibility. Each factor was tested at three levels, with −1 designated the lower level, 0 the center point, and +1 the upper level (Table II and Fig. 1 ). At the center point, preparations were made in quintuple in order to estimate the experimental error. The regression equations of the fitted model for the responses were calculated using Eq. 1.
Response for vitamin E TPGS :
The results from the factorial design were evaluated on the basis of a three-level factorial design by using D esi gn Ex pe rt ® 6 . 0 . 8 s o f t w a r e ( S t a t -E a s y I n c . , Minneapolis, MN, USA). To evaluate the responses, a statistical model incorporating interactive and polynomial terms was utilized, where Q/Y is the independent variable, b 0 is the arithmetic mean response, and b 1 , b 2 , b 3 , b 4 and b 5 are the estimated coefficients for the factor X1 and X2 (X3 for vitamin E TPGS instead of X2). The interaction term (X1X2) X3 for vitamin E TPGS [instead of X2] shows the response changes when two factors are simultaneously changed. To investigate nonlinearity, the polynomial terms [(X1 2 and X2 2 ) X3 2 for vitamin E TPGS instead of X2 2 ] are included. The results from the factorial design were statistically analyzed using ANOVA (29) .
Linearity and Response Surface Plots
The RSM helps with understanding how changes in one variable can influence the physicochemical properties of prepared NPs. The RSM was employed to plot response behavior against factor levels. Linearity plots can reveal the relationship between the observed and the predicted responses. Graphs give similar information to the mathematical equations obtained from statistical analyses (26, 30) . In this research, four responses were evaluated, and each response was plotted in relation to the modified factor. Both the experimental design and the linearity and response surface plots were set using Design Expert 6.0.8 software.
RESULTS AND DISCUSSION
Analytical parameters for the determination of NMS by UV spectrophotometric method were given in Table I . The concentration range between 2.5 and 35 μg/mL with R 2 =0.9999 confirmed the linearity of the response. The low values of the standard error (SE) of slope and intercept, and greater than 0.999 determination coefficient established the precision of the proposed method. In addition, since the drug quantification was not interfered with any of the excipients, the specificity of the method was provided. Nine NMSencapsulated PLGA NP formulations were successfully prepared by an emulsification-solvent evaporation method using vitamin E TPGS and PVA as surfactants. The desirable properties of NPs are high encapsulation efficiency, narrow size distribution, and suitable particle size. However, there are several factors that can affect the desired features of the NPs. From our preliminary experiments, the drug/polymer ratio, surfactant type, and the concentration value were found to be the most important parameters that affected the final properties of the prepared NPs (22, 24) . Two nonionic surfactants having a different nature and structure were selected and used to produce NPs. The selected variables w e r e t h e d r u g / p o l y m e r r a t i o a n d t h e s u r f a c t a n t concentration, and entrapment efficiency, particle size, size distribution, and surface charge were the response parameters. A 3 2 factorial design was selected as it helps research the effect on response parameters by changing both variables simultaneously with a minimum number of experimental runs.
Evaluation of PVA in the Preparation of NPs
For PVA-emulsified PLGA NP production, drug concentration was kept constant at 10 mg per formulation, and PLGA concentration was varied from 100 to 150 to 200 mg to give a drug/polymer ratio of 1:10, 1:15, and 1:20. These three different ratios were evaluated at three different PVA percentages of 2, 4, and 6. In this way, nine formulations were prepared in accordance with a 3 2 factorial design. Table III displays the observed and predicted response values belonging to PVA-emulsified PLGA NPs. The predicted values were derived from the polynomial equations, and the observed values were determined from experimental results.
To quantify the effect of independent variables on the response variables, it was necessary to construct a mathematical model which would help to predict the values of dependent variables within the limits of the design. Design Expert software was used to generate a mathematical model for each dependent variable and the subsequent statistical analysis.
The results of the model coefficients estimated by the Design Expert software and the regression analysis of variance of the investigated model for all responses (Q1-Q4) belonging to this formulation group are summarized in Table IV . The quality of the model developed was evaluated based on the regression coefficient values. In this study, it was found that PVA-emulsified NPs were produced with high encapsulation efficiency (Q1), in the range of 72.86-100.0% (Table III) . The regression coefficients which have a P value <0.05 are significant, while the terms which have a coefficient P value >0.05 are insignificant in the prediction response with 95% confidence (31) . Within this perspective, the coefficient P values showed that the level of X2 had a significant effect on Q1 (P=0.0166); however, X1 did not have a significant effect on Q1 (P=0.1930) (Table IV) . Moreover, there is no interactive effect between X1 and X2 (P=0.2609). The surfactant percentage is a very important parameter, which affects the drug loading in the production of nanosized particles. As an excess amount of surfactant was used, drug incorporation could be reduced due to the interaction between the drug and the surfactant. In this study, we observed that the formulations containing 6% PVA have less drug loading than the other formulations, which produced 2% and 4% PVA. The positive sign in front of the coefficient of X1 indicated a positive effect of the drug/polymer ratio on Q1, whereas, the negative sign for the coefficient of X2 indicated that the surfactant percentage had a negative influence on encapsulation efficiency of NPs (Table IV) . On the other hand, a model F value was assessed by the F statistics, which estimates the percentage of the variability in the outcome. The model F value of 5.17 was higher than the tabulated F value (F tab =4.46), indicating that the model was significant (P= 0.0265). The R 2 value is a measure of total variability explained by the model. The R 2 value for the model was found to be 0.7869, indicating that 78.69% variation was explained by the model (Table IV) (31, 32) . In addition, the RSM used in the experimental design studies was constructed to determine the optimal conditions for the drug/polymer ratio and PVA percentages used in the NMS-loaded PLGA NPs leading to the highest Q1. The surface plot (Fig. 2a) shows that Q1 of 100% could be achieved with the X1 range at 0.00 level (1:15) to 1.00 level (1:20) and X2 at two different levels, −1.00 (2%) to −0.50 (3%), as well as −0.50 (3.5%) to 0.00 (4%).
For particle size response (Q2), the mean particle size of PVA-emulsified PLGA NPs ranged from 211.9 to 288.5 nm (Table III) . The positive sign for the coefficient of X1 indicated that the drug/polymer ratio had a positive effect on the particle size of the NPs, and the positive sign for the coefficient of X2 indicated that Q2 increases when the surfactant concentration increases. The polymer concentration in the organic phase of the emulsion system led to increased viscosity, which resulted in an increase of Q2 due to the coalescence tendency of the inner phase droplets. As the polymer amount increased, generally, a more viscous internal phase occurred, causing larger droplets in the emulsion and thus larger particles (33, 34) . Similarly, as the PVA concentration increased, the size of the particles increased due to the increased viscosity of the aqueous phase, which, in turn, reduced the net shear stress available for droplet breakdown (35) . The size data provided a good and significant fit (R 2 =0.9789, P< 0.0001) to the linear model (Table IV) . Generally, Q2 was significantly affected by the level of both X1 (P<0.0001) and X2 (P=0.0002). While separately they have an effect on Q2, there is no interactive effect between X1 and X2 (P=0.1671). The RSM plot of Q2 is shown in Fig. 2b . The RSM curve indicated that when the drug/polymer ratio and the surfactant percentages increased, the value of Q2 increased. The lowest Q2 was observed at the range of −1.00 level (1:10) to 0.00 level (1:15) for X1, and −1.00 level (2%) to −0.50 (3%) level for X2. The other two responses investigated on PVA-emulsified PLGA NPs were PDI (Q3) and surface charge (Q4). PDI is a measure of dispersion homogeneity and generally expressed as smaller than 0.2 for narrow size distribution (22) . It was observed that the factorial formulations that contain 6% PVA showed a wide size distribution (PDI>0.2) based on the X1 levels investigated (Table III) . As the PVA percentage decreased from 6% to 4% or 2%, Q3 values were found less than 0.2 indicating a uniform size distribution. The surfactant molecules must cover the organic/aqueous interfacial area of all the droplets for stabilization to be effective. Hence, a minimum number of surfactant molecules were required to achieve a small particle size and narrow size distribution. At very high concentrations of PVA, the particle size increased, and the size distribution of the formulation became wider due to the high viscosity of the aqueous phase. In the emulsion system, the total amount of PVA relative to PLGA was inadequate to stabilize the emulsion droplets and resulted in particle aggregation (35) . For Q3, the P value (0.0104) was lower than 0.05, and the result implied that the model is significant. The positive sign for the coefficients of both of X1 and X2 indicated that both of the independent variables had a positive effect on the size distribution of the NPs (Table IV) . Moreover, there is no interactive effect between X1 and X2 (P= 0.2148). Figure 2c shows the represented RSM curve of PVAemulsified PLGA NPs illustrating the influence of X1 and X2 on Q3. The minimum PDI value can be achieved with a surfactant at a percentage range of 2% (−1.00 level) to 3% (−0.50 level) and with a drug/polymer ratio of 1:10 (−1.00 level) to 1:12.5 (−0.50 level). Zeta potential is the potential at the hydrodynamic shear plane and provides information about particle stability in the dispersion (22, 24) . The zeta potential response (Q4) values ranged between −22.3 and −33.7 mV for the PVA-emulsified PLGA NPs. The negative surface charge determined from the zeta potential analysis may be due to ionized PVA carboxyl groups on the surface of the NPs (22) . The ANOVA results of Q4 shown in Table IV indicate that X1 had a significant influence on Q4 (P=0.0009). On the other hand, there is no significant interactive effect between X1 and X2 (P=0.2928). As X1 increased to 1:20, Q4 increased significantly, while below the 1:20 drug/polymer ratio, Q4 was not found to be statistically significant. The P value for the Q4 response was 0.0016, a value less than 0.05 indicating that the model was significant. The R 2 value was found to be 0.9085. As a result, a variation of 90.85% was explained by the model, and the result indicated that the model is a good fit. When the negative signs for the coefficients of both X1 and X2 were evaluated, it was understood that the zeta potential of the NPs was barely dependent on the independent variables (Table IV) . It was concluded from the RSM plot (Fig. 2d) that the Q4 of −22.3 could be achieved at the 0.00 X1 level (1:15) and the 0.00 X2 level (4%) at the center point of the design with the PVA-emulsified formulations.
The term R 2 adjusted (Adj R 2 ) is used to compensate for the addition of variables to the model. As more independent variables are added to the regression model, R 2 will increase. However, the adjusted R 2 can increase or decrease depending on whether the additional variable adds or detracts to the explanatory power of the model. For this reason, Adj R 2 is generally considered to be a more accurate goodness-of-fit measure than R 2 . Adj R 2 will always be lower or equal to R 2 . In the present model, for all responses (Q1-Q4), the value of Adj R 2 was found to be less than the R 2 value. The signal-to-noise ratio is measured by Adeq Precision, and a value greater than 4 is considered adequate. In the case of Q1, Q2, Q3, and Q4, the ratio values were 5.607, 26.110, 7.332, and 10.232, respectively, indicating an acceptable signal. Thus, the proposed model is suitable for navigation of the design space (Table IV) . Figure 3 shows the linear correlation plots of PVA-emulsified PLGA NPs between the observed and predicted values of Q1, Q2, Q3, and Q4. The plots from the predicted and actual responses belonging to Q2 indicate excellent fitting of the model (P<0.001).
Evaluation of Vitamin E TPGS in the Preparation of NPs
The other nonionic surfactant evaluated for its effect in the preparation of PLGA-based NP formulations was vitamin E TPGS. In this factorial formulation group, the drug/polymer Fig. 3 . Linearity plots of PVA-emulsified PLGA NPs shown as observed versus predicted values a Q1, b Q2, c Q3, and d Q4 ratio used was the same as PVA-emulsified NP formulations where vitamin E TPGS percentages varied as 0.03, 0.06, and 0.09. Researchers frequently use vitamin E TPGS as an emulsifier in low concentrations ranging from 0.15% to 0.03% due to its potential to have an emulsification effect 67 times greater than PVA in PLGA NPs (36) . Another nine formulations were prepared in accordance with the 3 2 factorial design with vitamin E TPGS. Table V shows the values of the observed and predicted responses belonging to this group.
Table V summarizes that the encapsulation efficiency (Y1) of NPs varied widely from 25.08% to 92.77%. Vitamin E TPGS significantly decreased the encapsulation efficiency of NMS to as low as 25.08% compared to PVA. Zhang et al. reported that vitamin E TPGS was distributed on the surface of the NPs and exhibited a notable effect on the organic/aqueous interfacial area of the droplets in the NP dispersion; this interaction may have caused the reduction of the encapsulation of the drug into the polymeric matrix (36) . As seen from the surface response plot of NPs (Fig. 4a) , the highest Y1 value was observed at the NPs including a 1:15 drug/polymer ratio (0.00 level) and 0.06% vitamin E TPGS concentration (0.00 level) at the design's center point of vitamin E TPGS-loaded PLGA NPs. When the response values were investigated, depending on the variation of X3 at each X1 variable, it was observed that the Y1 values increased with higher X3 levels. On the other hand, in RSM plot data (Fig. 4a) , it was found that the effect of X1 on Y1 values is positive at low levels of X1 (1:10-1:15), while at higher levels of X1 (1:20), the Y1 values decrease. This is why the response surface presents a twisted view. When the PLGA concentration reached 200 mg (drug/polymer ratio 1:20), the entrapment efficiency of NMS was found to be very low (Table V) , which is due to the adsorption of drug molecules on the NP surface. The hydrophobic molecule NMS was likely adsorbed more on the large surface of the NPs due to the overly large particle size, thereby leading to a lower amount of NMS entrapped in the NPs. When the statistical data of Y1 was evaluated based on the P values of the regression coefficients (Table IV) , it was observed that the percentage of vitamin E TPGS had a significant influence on Y1 (P=0.0081). The positive sign in front of the coefficient of the X3 value indicated that X3 had a positive effect on Y1. In contrast, the negative sign of the coefficient of X1 showed that the drug/polymer ratio had a negative influence on the encapsulation efficiency of NPs (P=0.0006) (Table IV) . In this formulation group, the model F value of 33.86 was higher than the tabulated F value (F tab =4.46), indicating model significance (P<0.0001). The R 2 statistics indicated that the model explains 96.03% of the variability in the encapsulation efficiency (Y1) (Table IV) .
When the particle size response (Y2) was examined, the mean particle size of vitamin E TPGS-emulsified PLGA NPs was found to range from 168.0 to 398.5 nm (Table V) . The lowest Y2 was observed in both of the lowest levels of X1 (1:10) and X3 (0.03%) in batch V1. The positive sign for the coefficients of X1 and X3 indicated that both the drug/polymer ratio and the surfactant percentages used positively affected the particle size of the NPs. The ANOVA statistical results indicated that the model is a significant and good fit (R 2 =0.9965, P<0.0001). The factors X1 and X3 were also found to significantly influence Y2 (P<0.0001). The RSM plot of Y2 is shown in Fig. 4b . From the RSM plot, it was concluded that achieving a size of 168 nm was possible with X1 ranging from 1:10 (−1.00 level) to 1:12.5 (−0.50 level), and X3 ranging from 0.03% (−1.00 level) to 0.045% (−0.50 level). This plot illustrated that as both the drug/polymer ratio and the surfactant percentages increase, the value of the dependent variable, the particle size also increases. One possible reason could be the increase in viscosity of the polymeric solution in the organic phase due to the increase in the polymer amount, thereby posing difficulty in breaking down the emulsion droplets into smaller ones in contrast to the lower X1 levels. As the polymer amount increased, the organic phase showed greater viscosity, while during the emulsification process, the organic phase was barely dispersed in the aqueous phase, producing larger NPs. When the Y2 levels were investigated depending on the variation of surfactant concentration (X3) at each drug/polymer ratio (X1), it was found that as the X3 level increased, the mean particle size increased. This is understandable because the surfactant remains at the interface of the organic/aqueous phase, thus separating the phases from each other. As the vitamin E TPGS concentration was increased, the viscosity of the aqueous phase increased, and this reduced the net shear stress of the system that is available for droplet breakdown to smaller ones (37, 38) . The response of PDI values (Y3) for vitamin E TPGSemulsified NMS-loaded PLGA NPs ranged between 0.325 and 0.550 and inhibited a wide size distribution (PDI>0.2) ( Table V) . As can be observed from the RSM plot provided in Fig. 4c, X1 and X3 have a positive effect on the Y3 levels. The increasing viscosity based on the polymer amount in the organic phase and the surfactant concentration in the aqueous phase of the emulsion led to an increase of the PDI value due to the insufficient dispersion of phases. The PDI data provided a significant and good fit (P<0.0001, R 2 = 0.9899) to the linear model. The positive sign for the coefficients of both of X1 and X3 indicated that both of the independent variables positively affected the PDI value of the vitamin E TPGS-emulsified NPs. When the coefficients of the model were estimated by ANOVA for Y3, it was observed that X1 and X3 had a statistically significant effect on Y3 (P = 0.0008 and P < 0.0001, respectively) ( Table IV) . The RSM curve showed that the minimum PDI value could be obtained with a drug/polymer ratio ranging from 1:10 (−1.00 level) to 1:15 (0.00 level) and with a percentage range of surfactant from 0.03% (−1.00 level) to 0.045% (−0.50 level) (Fig. 4c) .
The zeta potential values (Y4) belonging to the vitamin E TPGS-emulsified NMS-loaded PLGA NPs in the factorial design study are summarized in Table V . The zeta potential (Y4) values ranged between −27.6 and −33.9 mV. NPs belonging to this formulation group exhibited negative surface charges because of the polar PEG1000 components of vitamin E TPGS, which extend outwards into the aqueous phase, while the lipophilic end is adsorbed into the matrix structure of the PLGA NP. The presence of PEG chains on the surface of the NPs gained the negative charges to the NPs. The ANOVA results in Table IV demonstrate the significant effect of X1 and X3 on Y4 (P=0.0183 and 0.0044, respectively). The model F value was found as 12.18 (>F tab = 4.46), and the result indicates that the model is significant. The negative sign for the coefficients of both X1 and X3
indicates that the both of the independent variables had a negative influence on the surface charge of the NPs. It was concluded from the RSM plot (Fig. 4d) that the minimum Y4 of the design was achievable with an X1 ranging from the −1.00 level (1:10) to the −0.50 level (1:15) and an X2 range from the −1.00 level (0.03%) to the −0.075 level (0.05%).
Since the values of R 2 are relatively high for all of the dependent variables, 0.9603 for Y1, 0.9965 for Y2, 0.9899 for Y3, and 0.8969 for Y4, the polynomial equations form an excellent fit to the obtained data and are highly statistically valid. Similarly, the value of Adj R 2 for the PVA-emulsified PLGA NPs and the Adj R 2 value for all of the responses (Y1- Y4) of vitamin E TPGS-emulsified PLGA NPs were found to be less than the R 2 value. The observed Adeq Precision ratios given in Table IV were 16 .340 for Y1, 68.307 for Y2, 36.092 for Y3, and 11.116 for Y4. All ratios were higher than 4, indicating an adequate signal and that the model can be used for navigation of the design space. Figure 5 gives the linearity plots of vitamin E TPGSemulsified PLGA NPs between observed and predicted values of Y1, Y2, Y3, and Y4. The plots obtained for the predicted and actual responses belonging to Y1, Y2, and Y3 indicate excellent fitting of the model (P < 0.001). The linearity graphics of data were supported with the ANOVA results in Table IV. PLGA formulations produced at the center points of the factorial design were selected as the optimum formulations due to their high encapsulation efficiency in this research. Therefore, SEM, GC, and DSC studies were performed only on the optimum PLGA formulations. The shape of the NPs is shown in Fig. 6 . As shown in the micrographs, all NPs had a spherical shape. Vitamin E TPGS-emulsified PLGA NPs had less of a spherical shape and showed a wider size distribution than the PVA-emulsified nanosized particles. The shape differences between the NP formulations prepared from two different nonionic surfactants occurred due to the difference in the hydrophilic-lipophilic balance (HLB) values of the agents. Although PVA and vitamin E TPGS are both nonionic surfactants, PVA has a HLB value of 18 while that of vitamin E TPGS is 13.2 (36, 39) . Therefore, PVA solutions can stabilize smaller and more uniform droplets than a vitamin E TPGS solution during the production process. Hence, the homogeneous droplets in the emulsion solidified in the PVA-emulsified PLGA NPs were more spherical in shape.
In the PLGA NP production procedure, DCM was used as an organic solvent to dissolve polymeric material. Because of PLGA's insolubility in water, it is often dissolved in DCM before mixing with an aqueous solution containing various amounts of emulsifier. DCM is a controlled organic solvent, which can cause severe effects after oral administration, inhalation, or skin contact, and significantly increases the incidence of several types of tumors, such as lung, breast, and liver tumors (40) . Because of these reasons, it is important to determine the residual DCM content in the developed formulations. GC chromatograms of pure DCM, n-hexane, and the NP formulations coded P9 and V9 are presented in Fig. 7 . The retention times of pure DCM and n-hexane were 6.77 and 4.52 min, respectively (Fig. 7a, b) . When the GC chromatograms of the PLGA NP formulations were examined (Fig. 7c, d) , it was shown that the retention times were 4.52 min for both formulations, which was attributed to the presence of solely n-hexane. There was no peak signal obtained that proved the existence of DCM in the NP formulations.
Different qualitative analytical methods have been developed that provide qualitative information regarding the physicality of materials. DSC is a thermal analyses method widely used in the pharmaceutical sciences and provides information about physical characteristics, such as the crystalline or amorphous state of raw materials, and the active agents used in the development of pharmaceutical formulations (41) . Figure 8 shows the DSC curves of the pure NMS, raw PLGA, PVA, and vitamin E TPGS, and also the factorial NP formulations that were prepared at the center point of the design with both surfactants, respectively. The DSC curve of pure NMS sharply peaked endothermically at 148.49°C, as evidence of the absence of crystallinity and corresponding to its melting point (Fig. 8a) . This result agrees with previous research by Nalluri et al. (42) . The thermal transition of the raw polymer, PLGA, seen at 41.90°C, was attributed to the glass transition temperature (Tg) of the polymeric material (Fig. 8b) ; no melting point was observed at the curve because of the amorphous nature of PLGA, as Mu and Feng (37) also established. When the DSC curves of the nonionic surfactants, PVA and vitamin E TPGS, were examined, PVA had a broad melting endotherm at 184.55°C, while vitamin E TPGS showed a sharp melting endotherm at 40.38°C, which were attributed to the melting temperatures (Tm) of the surfactants, respectively (Fig. 8c, d ). Similar findings have been reported by other researchers for both surfactants (37, 43) . The DSC curves of the NMS-loaded factorial PLGA NPs which were prepared with both surfactants (Fig. 8e, f) showed that the NMS endothermic peak at 148.49°C (Fig. 8a) disappeared. It can be concluded that the encapsulated NMS in the NPs was in an amorphous state in the polymeric matrix after the production process. Other authors observed similar findings using hydrophobic drugs encapsulated in the PLGA matrix (37, 43) . The DSC curve of the P9-NP formulation showed that the Tg of PLGA was observed at 46.24°C, and the Tm of PVA was found at 181.30°C (Fig. 8e) . Examination of the DSC curve of the V9-coded NP formulation (Fig. 8f) revealed two melting endothermic peaks at 33.88 and 47.63°C, corresponding to the Tm of the surfactant and the Tg of the polymer, respectively. The increase in the Tg value of PLGA that was observed in both NP formulations prepared with different surfactants is presumed to be caused by the solubility of NMS in the polymeric structure. This finding is similar to the change in the Tg value of polymeric material, Eudragit RS 100, reported in our previous study and which agrees with our results (41) . From the DSC curve of the P9-NP formulation (Fig. 8e) , it was determined that the production procedure did not influence the Tm of PVA. In contrast, in the DSC curve of the V9-coded NP formulation (Fig. 8f) , the Tm of vitamin E TPGS was found to decrease. During the solvent evaporation process and the dissolution of PLGA, the slower evaporation of the DCM and the longer mixing of the dispersion were probably responsible for the Tm of the surfactant decreasing from 40.38 to 33.88°C. This situation also causes the broadening of the Tm peak of vitamin E TPGS and is similar to a result mentioned before (41) .
The storage stability of the prepared PLGA NPs is a very important factor that affected the physicochemical properties of the nanosized particles such as drug content, mean particle size, size distribution, and surface charge. Table VI shows the storage stability results of the NPs. All of the investigated 
CONCLUSION
This study demonstrated that the various physicochemical properties of polymeric NPs loaded with a hydrophobic drug could be manipulated by varying the contents of the drug, polymer, and surfactant according to the full factorial design studies and graphical analysis, which established the optimal formulation conditions with a reduced number of experiments. Both PVA and vitamin E TPGS-emulsified PLGA formulations prepared at the center points of the factorial study had the highest encapsulation efficiency, thus were chosen as the optimum formulations of the design. ANOVA results showed that independent and dependent variables seemed to have the best correlation in vitamin E TPGS-emulsified PLGA NPs compared to the PVA-emulsified formulations. However, PVA may be preferred to vitamin E TPGS for producing nanosized particles possessing the higher drug loading and narrow size distribution. The obtained data could be used to model the attributes of PVA-or vitamin E TPGSemulsified PLGA NPs loaded with other similar hydrophobic drugs. However, further studies conducted with animal models are required to confirm the pharmacological activities. 
